The interactions between molecules in solid H 2 and D 2 are discussed with emphasis on those features which are of importance for the orientational properties. It is shown that pseudo-three-body interactions split by 0.1 cm −1 the rotational levels of a pair of J=1 molecules which are degenerate when only pairwise interactions are considered. The dielectric screening of quadrupole interactions due to these terms is also estimated. The static and dynamic renormalizations of the electric quadrupole-quadrupole interaction constant Γ due to phonon interactions are studied using the theory of quantum crystals and treating the dynamical interaction between phonons and rotations perturbatively. For H 2 and D 2 in the fcc phase, a reduction in Γ of about 12% is found therefrom, where as in the dilute J=1 solid practically no renormalization is expected. By comparing the author's calculations with experimental data, it is infered that perhaps the static renormalization has been underestimated as a result of the crude description of the phonon modes. However, the differing renormalizations for the dilute and concentrated J=1 systems are confirmed by experiment. Finally, the indirect interaction between distant J=1 molecules analogous to the Suhl-Nakamura interaction is discussed. It is shown that the NMR T 2 data place a bound on this interaction which can only be understood using rather small values of certain intermolecular interaction coefficients which are renormalized to take account of short-range correlations. Harmonic renormalization leads to anomalously large indirect interactions in disagreement with T 2 data. The interactions between molecules in solid H2 and D2 are discussed with emphasis on those features which are of importance for the orientational properties. It is shown that pseudo-three-body interactions split by 0.1 cm ' the rotational levels of a pair of J = 1 molecules which are degenerate when only pairwise interactions are considered. The dielectric screening of quadrupole interactions due to these terms is also estimated. The static and dynamic renormalizations of the electric quadrupole-quadrupole interaction constant F due to phonon interactions are studied using the theory of quantum crystals and treating the dynamical interaction between phonons and rotations perturbatively. For H2 and D2 in the fcc phase, a reduction in I' of about 12/0 is found therefrom, where as in the dilute J=1 solid practically no renormalization is expected. By comparing the author's calculations with experimental data, it is infered that perhaps the static renormalization has been underestimated as a result of the crude description of the phonon modes. However, the di6ering renormalizations for the dilute and concentrated J = 1 systems are confirmed by experiment. Finally, the indirect interaction between distant J = 1 molecules analogous to the Suhl-Nakamura interaction is discussed.
I. INTRODUCTION
HIS paper is the 6rst in a series of papers whose ultimate objective is a quantitative understanding of the orientational state of solid hydrogen. ' These systems have been widely studied, both experimentally and theoretically, in recent years. The importance of this problem is due to the possibility in the foreseeable future of a first-principles calculation of the properties of the solids in which no ad ho@ parameters are introduced.
Within the approximation of considering the system of nuclei and electrons as forming constituent molecules, one is naturally led to a discussion of the interaction between molecules. For our purposes, we need consider only the orientationally dependent interactions of which the largest is the electric quadrupole-quadrupole (EQQ) interaction. ' Thus far this aspect of the problem has not been treated in a fundamentally satisfying way, although such calculations can be anticipated in the near future. Accordingly, in Sec. II a discussion is given of these orientationally dependent interactions based * Research supported in part by the National Science Foundation under Grant No. f' Alfred P. Sloan Postdoctoral Fellow, 1967 . ' The word "hydrogen" will be used to refer to all isotopic species. Specific species are denoted as usual, H~, D2, etc. 'T. Nakamura, Progr. Theoret. Phys. (Kyoto) 14, 135 (1955) . 1 partly on theoretical considerations and partly on experimental indications with particular emphasis on eBects which are important in the solid. In Sec. III it is shown how pseudo-three-body forces remove the degeneracy associated with the higher symmetry of the pairwise interactions for the case of an isolated pair of J=i molecules in an otherwise pure solid of J=0 molecules. These pseudo-three-body interactions produce energy-level splittings of the order of 0.1 cm '.
The observation of such splittings which are inconsistent with the symmetry of pairwise interactions would be a dramatic manifestation of pseudo-three body interactions. Here it is also estimated that the effect of dielectric screening on EQQ interactions is to reduce the effective coupling constant F.tt by about 5%.
In Secs. IV and V, the renormalizations, both static and dynamic, of the EQQ interaction due to the presence of the large zero-point motion of the phonon system are studied. Using the quantum crystal wave functions of Nosanow, ' we find static and dynamic xeductions in A. BROOKS HA R R I S T. Nakamura, Progr. Theoret. Phys. (Kyoto) 20, 542 (1958) . W. Hardy and J, R. Gaines, Bull. Am. Phys. Soc. 12, 1047 (1967); Phys. Rev. Letters ll, 1278 Letters ll, (1968 . See also the data reported in Ref. 7. ' C, C. Sung, Phys. Rev. 169', 271 (1968 Rev. 162, 824 (1967) .
"J.Van Kranendonk and V. F. Sears, Can. J. Phys. 44, 313 (1966) .
molecules. Here we find the same static renormalization but in this case the dynamic interaction leads to an increase in F,~q which nearly cancels the static reduction.
We explain our differing conclusions for the concentrated and dilute cases as being due to the possibility of strains in the latter case, whereas in the former case this possibility is inconsistent with cubic symmetry. In
Sec. VI we show that distant J=1 molecules interact with one another via the virtual emission and absorption of phonons, an effect which is analogous to the SuhlNakamura4 ' indirect interaction in magnetic materials.
Using NMR T~measurements'~we are able to place a bound on the size of this indirect interaction which is consistent with the most reliable estimates of the potential coefficients' describing the interaction between hydrogen molecules, providing these potentials are renormalized according to the theory of quantum crystals. ' ' The harmonically renormalized potentials" lead to anomalously large interactions. Finally, in Sec.
VII, we compare the results of our calculations of the phonon renormalizations with experimental data. On the whole, the experimental data agree reasonably well with our calculations. In particular, the prediction that the observed value of F should be about 10% larger in the dilute J = 1 system than in the concentrated system seems to be verified. In order to achieve a more precise agreement with experimental data it would be necessary to employ a better description of the phonon system. The method of calculation in which the interactions between the phonons and the molecular rotations are treated perturbatively does seem to be reliable considering the smallness of the e&ects involved.
I.ater papers in this series will discuss the interpretation of (a) infrared and Raman spectra, of J=0 Hs, (b) the specific heat of hydrogen at high temperatures or at extreme dilution of J= 1 rnolecules, and (c) the NMR properties of solid hydrogen in various regimes. The objective of this program is to be able to discuss in more detail the consistency of the values of I" as determined from various experiments.
The first step in understanding the orientational effects in solid H2 and D~is, of course, to calculate from first principles the interactions between molecules. As we have mentioned, although it is hoped that such a calculation will be possible in the near future, at present we are limited to phenomenological treatments. The purpose of this section is to correlate the available information about the intermolecular potential, emphasizing those features which are most infiuential in determining the orientational state of solid hydrogen. For this purpose we will not consider the electronic or vibrational degrees of freedom explicitly. YVe will consider the hydrogen molecule to be a rigid rotator whose dielectric properties can be parametrized in the usual way. As is well known, the energy levels of a rigid rotator are EJ=BgJ(J+1), (2.1) "3.P. Stoiche8, Can. J. Phys. 35, 730 (1957) . " G. Karl " Note that we use the phase convention for spherical harmonics of Rose; see Ref. 17. where the values of the rotational constant Bg for H2
and D2 are given in Table I . " " The Pauli principle requires that an odd (even) rotational level be combined with an even (odd) nuclear spin function for Hs and with an odd (even) nuclear spin function for D2, since these molecules have nuclei with spin -, ' and 1, from which it follows that e, (R)n; vanishes for odd j.
Although all these coefFicients are not known accurately, some idea of their magnitude can be given.
As Nakamura' has discussed, C~(R), and hence X V2"(ooi) 7'2" (oo, ) 74"+"(IIi,)*, (3.12) and similarly for H2, . In Eq. (3.11) the sum is over excited states le) for which J, =2 and all the other molecules are in their initial rotational multiplet: J1=J2 --1, J, = 0, for r' not equal to r1, r2, or r, and E, is the excitation energy between the excited state and the initial state li). We set E, = 6B and compute the sum over l e) by closure: (4 ) I.et us now calculate the splittings of the three doublets, which we denote in order of increasing average energy as 63, 62, 61, respectively, assuming the smaller interactions scaled by oo(Ro) o2(Ro), and AB have removed the accidental degeneracies. Then we find the splittings of the three doublets due to the pseudo-threebody interactions and the crystalline field to be
The symmetry properties of h""can be discussed in strict analogy with those of g""and so we only cite the results: h"" is real and 
where D~" (8) 
The parameters 3 and E were determined by Xosanow' to minimize the ground-state energy. The various parameters appearing in the potential function are listed in Table IV As we have indicated, the dominant interaction which depends on the orientations of the molecules is due to the EQQ interaction which can be calculated quite accurately assuming a rigid lattice. However, H2, and to a lesser extent D2, are quantum crystals displaying large zero-point motion of the molecules. We now "H. M. James and J. C. Raich, Phys. Rev. 162, 649 (1967' 2)s+1 Again the result is that the renormalized interaction has the same form as the original interaction except that the coupling constant is now $22ydd instead of ydd. Since the second moment of the NMR spectrum due to intermolecular dipolar interactions is dominated by the nearest-neighbor interactions, one sees using the values of (1) (4 24) RVo' . VbH"'(R )U "(R )
where v"(R) is defined in analogy with v"(R) except that Y4~"(0") (Ro/R")'= Y4 "(0, ');
+u'" &Y4 " "(fI')'(Ro/R')', ( 5 8) where Q,j' is the orientation of A;j' and the gradient is with respect to E;;.We evaluate the gradient as RoI'oV' "Y4 o(n-, , )(R-o/R;, )' = -91' ), (5/11)"'C'( -X, -p) Y~"(II;, '), (5.9) where C'(X, p) =-C(1,4,5; X,p Thirdly, we shall neglect correlations between different molecules in that we assume V' ""8o" (~') 4o" (~)~(5.17) which should appear in Eq. (5.13). These terms mainly affect the propagation of excitations but do not appreciably affect the average excitation energy A(T), which we are calculating. These approximations have been made in the interest of simplicity. After the phonon spectrum of solid hydrogen has been determined, it would be worthwhile to undertake a more elaborate calculation without these approximations.
It is convenient to rewrite Eq. Here the superscript 0 on (8,) 
In terms of the pair eigenstates of Table III the 
C. Summary
The differing conclusions for the case of the isolated pair and for the ordered system can be partly understood in a simple way. Basically there are two distinct effects on the orientational interactions due to their interactions with the phonons. The first of these can be visualized as follows. Phonon particles continually bombard the molecules thus inevitably creating some disorder in the orientation of the molecules. This disorder can be described by a reduction in the rigid-lattice orientational interactions. This mechanism is operative for both the pair system and the ordered phase and has the effect of reducing the coupling constant and the order parameter, &3J, ' -2 VsN'" = -(16m./250M1Vc ') Here it is vital to analyze the Raman spectrum" taking account of next nearest neighbors. " This effect leads to a reduction in F,«of between 15 and 20%. We note that the value obtained from the EQQ pressure" which is directly related to the EQQ energy" may be uncertain due to the assumption that the lattice pressure is independent of J=1 concentration. Accordingly, we believe the other two values of F,"to be more reliable.
In particlular note that F,« for the concentrated /= 1 system is 5% less than that for the dilute J=1system. The accuracy of these determinations of I', « is such that this difference is not conclusive. However, the trend is certainly in the direction predicted by our calculations which give I', «10'Po smaller in the concentrated than in the dilute J=-1 systems. The fact that we obtain we found (3 cos28 -1) = -[1+ (171) 
